The properties of different dopamine receptors constrain the function of 8 dopamine signals in the striatum of the basal ganglia. Still, dopamine receptor kinetics 9 are often neglected in considerations of the temporal dynamics of dopamine signalling. 10 Here we develop a neurochemical model of dopamine receptor binding taking into 11 account slow receptor kinetics. Contrary to current views, in our model D1 and D2 12 dopamine receptor populations react very similarly to dopamine signals independent of 13 their timescale and integrate them over minutes. Furthermore, our model explains why 14 ramping dopamine concentrations, observed experimentally, are an effective signal for 15 increasing the occupancy of dopamine receptors. 16 17 37 1 of 22 Manuscript submitted to eLife 2006
, which signal reward-related information (Schultz, 2007; 25 Grace et al., 2007) . Slightly slower [DA] ramps occur when rats approach a goal location 26 (Howe et al., 2013) or perform a reinforcement learning task (Hamid et al., 2016) . Finally, 27 slow tonic spontaneous firing of DA neurons controls the baseline [DA] and may change 28 on a timescale of minutes or longer (Grace et al., 2007) . However, whether fast and 29 slow changes in [DA] actually represent distinct signalling modes, e.g. for learning and 30 motivation (Niv et al., 2007) , has recently been challenged (Berke, 2018) . Furthermore, DA 31 acts on two different main receptor types, D1 and D2, adding another layer of complexity 32 to its signalling. 33 Based on different DA affinities of D1 and D2 receptors (D1R and D2R), it is often 34 assumed that striatal medium spiny neurons (MSN) respond differently to tonic and 35 phasic DA changes, depending on which DA receptor they express predominantly (Dreyer 36 et al., 2010; Surmeier et al., 2007; Grace et al., 2007; Schultz, 2007; Frank and O'Reilly, indicate that the different D1R and D2R affinities are largely due to different binding rates, 66 while their unbinding rates are similar (Burt et al., 1976; Sano et al., 1979; Maeno, 1982; 67 Richfield et al., 1989) . We incorporated these measurements into our slow kinetics model 68 (see Methods) and investigated the model in a variety of scenarios mimicking DA signals 69 on different timescales. 70 Firstly, to examine our model at baseline [DA] , we investigated receptor binding 71 for a range of affinities ( Fig. 1a) , reflecting the range of measured values in different 72 experimental studies (Neve and Neve, 1997 (Robinson et al., 2001; Cheer et al., 2007; Hamid et al., 2016) , 102 which we choose to illustrate that our results are not just due to a small amplitude DA 103 signal. We found that binding to both receptor subtypes increased very slowly. Even for 104 the high affinity D2Rs it took more than 5 to reach their new equilibrium ( Fig. 1c) . to [ ] = 20 ( Fig. 1d) . 4e ). 136 Another striking effect of incorporating receptor kinetics was that a phasic increase 137 in [DA] kept the receptors occupied for a long time ( Fig. 1e) . 3 ). Therefore, DA ramps, even with a 169 relatively small amplitude ( Fig. 1f and Supp. Fig. 4 only lead to a very short duration of this local DA peak and thereby make it less effective 173 in occupying DA receptors. 174 The dynamics introduced by the slow kinetics had further effects on the timecourse of 175 DA signalling. With instant kinetics the maximum receptor occupancy was reached at the 176 peak [DA] ( Fig. 1e, f) . By contrast, for slow kinetics the maximum receptor occupancy was 177 reached when [DA] returned to its baseline ( Fig. 1e) occupied. Therefore for all DA signals, the maximum receptor occupancy was reached 180 towards the end of the pulse (Fig. 1e, f and Supp. Fig. 4) . 181 Another effect of the slow kinetics was that DA receptors remained occupied long 182 after the DA pulse is over ( Fig. 1e, f) . This allowed the integration of DA pulses over 183 minutes ( Fig. 2a, b and Supp. Fig.5 ). We investigated potential functional consequences 184 of this integration by exposing the model to a sequence of trials modeling a simple 185 behavioural experiment with stochastic rewards (see Methods). We found that both D1R 186 and D2R occupancy coded for reward probability (Fig. 2 and Supp. Fig. 6 (1)
However, the dissociation constant is an equilibrium constant, so it should only be used 210 for calculating the receptor occupancy when the duration of the DA signal is longer than 211 the time needed to reach the equilibrium. As this is typically not the case for phasic DA 212 signals (see main text), we developed a model incorporating slow kinetics. 213 When DA and one of its receptors are both present in a solution they constantly bind and unbind. During the binding a receptor ligand complex (here called DA−D1 or DA−D2) is formed. We call the receptor ligand complex an occupied DA receptor. Note that although in the following part we provide the equations for D1 receptors, the same equations apply for D2 receptors (with different kinetic parameters). In a solution binding occurs when receptor and ligand meet due to diffusion, with high enough energy and a suitable orientation, described as:
Accordingly, unbinding of the complex is denoted as:
The kinetics of this binding and unbinding, treated here as first-order reactions, are governed by the rate constants on and of f that are specific for a receptor ligand pair and temperature dependent. Since both processes are happening simultaneously we can write this as:
The rate at which the receptor is occupied depends on [DA], the concentration of free receptor [D1] and the binding rate constant on :
The rate at which the receptor-ligand complex unbinds is given by concentration of the complex [DA − D1] and the unbinding rate constant of f :
The equilibrium is reached when the binding and unbinding rates are equal, so by combining Eq. 5 and Eq. 6 we obtain:
At the equilibrium the dissociation constant is defined as: Signal durations should be of the same order of magnitude (or longer) than the half-life 224 time in order for the instant kinetics model to be applicable. 225 We calculated the time course of occupied receptor after an abrupt change in [DA] by integrating the rate equation, given by the sum of Eq. 5 and Eq. 6:
To integrate Eq. 9 we substitute 
For our slow kinetics model we solved Eq. 9 for each receptor type and arbitrary DA 233 timecourses numerically employing a 4th order Runge Kutta solver with a 1 ms time 234 resolution. 235 We did not take into account the change in [DA] caused by the binding and unbinding 236 to the receptors since the rates at which DA is removed from the system by binding to the 237 receptors is much slower than the rate of DA being removed from the system by uptake 
However, the DA removal rate by Michaelis-Menten uptake through the DA transporters at this concentration would be:
Where is the maximal uptake rate, and the Michaelis-Menten constant describing 240 the [ ] concentration at which uptake is at half the maximum rate. As
, the DA dynamics are dominated by the uptake process and not by binding to 242 the receptors. Therefore, we neglected the receptor-ligand binding for the DA dynamics 243 in our model. However, for faster DA receptors this effect would become more important.
244
Receptor parameters 245 An important model parameter is the total concentration of the D1 and D2 receptors on the membrane ([ 1] and [ 2] ) that can bind to DA in the extracellular space of the striatum. Our estimate of [ 1] and [ 2] is based on radioligand binding studies in the rostral striatum (Richfield et al., 1989, 1987) . We use the following equation, in which is a placeholder for the respective receptor type, to calculate these concentrations.
The experimental measurements provide us with a the number of receptors per 246 unit of protein weight [ 1] and [ 2] . To transform these measurements into molar 247 concentrations for our simulations, we multiply by the protein content of the wet weight 248 of the rat caudate nucleus , which is around 12% (Banay-Schwartz et al., 1992) . This 249 leaves us with the amount of protein per g of wet weight of the rat brain. Next we 250 divide by the average density of a rat brain which is = 1.05 ∕ (DiResta et al.,   251   1990 ) to find the amount of receptors per unit of volume of the rat striatum. Finally, we 252 divide by the volume fraction , the fraction of the brain volume that is taken up by the 253 extracellular space in the rat brain, to obtain the receptor concentration of the receptor 254 in the extracellular medium. The procedure ends here for the D1 receptors since there 255 is no evidence that D1 receptors are internalized in the baseline state (Prou et al., 2001) . 256 However, a large fraction of the D2 receptors is retained in the endoplasmatic reticulum 257 of the neuron (Prou et al., 2001) , reducing the amount of receptors that contribute to 258 the concentration of receptors in the extracellular medium by , the fraction of 259 receptors protruding into the extracellular medium. 260 In addition to the receptor concentration, the kinetic constants of the receptors are 261 key parameters in our slow kinetics model. In an equilibrium measurement in the canine 262 caudate nucleus the dissociation constant of low affinity DA binding sites, corresponding 263 to D1 receptors (Maeno, 1982) , has been measured as = 1.6 (Sano et al., 1979) . 264 However, when calculating (using Eq. 8) from the measured kinetic constants (Sano 265 et al., 1979) the value is 1 = 2.6 . To be more easily comparable to other simulation 266 works (Dreyer et al., 2010) and direct measurements (Richfield et al., 1989; Sano et . Fig. 1) . It should also be noted that the measurement 275 of the commonly referenced (Richfield et al., 1989) have been performed at room 276 temperature. 277 The kinetic constants for the D2 receptors were obtained from measurements at 37 278 of high affinity DA binding sites (Burt et al., 1976) , which correspond to the D2 receptor 279 (Maeno, 1982) . The values are 2 = 0.02 −1 −1 and 2 = 0.5 −1 , which yields 280 2 = 25 , in line with the values measured in (Richfield et al., 1989) . As the off-rate of 281 the D1 and D2 receptors 1 = 0.64 −1 −1 and 2 = 0.5 −1 is quite similar, the 282 difference in 2 = 25 and 1 = 1.5 is largely due to differences in the on-rate 283 of the receptors. This is important because the absolute rate of receptor occupancy 284 depends linearly not only on the on-rate, but also on the receptor concentration (see 285 Eq. 5), which means that a slower on-rate could be compensated for by a higher number 286 of receptors.
287

Measured values Parameter Source
[ 1] in pmol/mg protein 2840 (Richfield et al., 1989) [ 2] in pmol/mg protein 696 (Richfield et al., 1989 Venton et al., 2003; Suaud-Chagny et al., 1992; Borland et al., 2005; Justice Jr, 1993; 291 Atcherley et al., 2015) . We modelled changes in [DA] to mimic DA signals observed in 292 experimental studies. We use three types of single pulse DA signals: (long-)burst, burst-293 pause and ramp. 294 The burst signal mimics the result of a phasic burst in the activity of DA neurons in 295 the SNc, e.g. in response to reward-predicting cues (Pan et al., 2005) . The model burst Bergstrom and Garris, 2003 ) and the nucleus accumbens = 1.5 −1 300 (Dreyer and Hounsgaard, 2013) . In our model the removal of DA is assumed to happen 301 without further DA influx into the system (baseline firing resumes when [DA] has returned 302 to its baseline value). Unless stated otherwise, the long-burst signals are used with a 303 Δ[ ] = 200 and a rise time of = 0.2 at = 1.5 −1 , similar to biologically 304 realistic transient signals (Cheer et al., 2007; Robinson et al., 2001; Day et al., 2007) . 305 The burst-pause signal has two components, an initial short, small amplitude burst firing pattern consisting of a brief burst followed by a pause in activity (Pan et al., 2008; 311 Schultz, 2016). 312 The ramp DA signal is characterized by the same parameters as the burst pattern, but 313 with a longer , and a smaller Δ[ ].
314
Behavioural task simulation 315 To determine whether DA receptor occupancy can integrate reward signals over minutes, 316 we simulated sequences consisting of 50 trials. Each sequence had a fixed reward 317 probability. The trials contained either a long burst DA signal (mimicking a reward) or a 318 burst-pause DA signal (mimicking no reward) at the beginning of the trial according to the 319 reward probability of the sequence. The inter trial interval was 15 ± 5 ( Fig. 2 and Supp. 320 Fig. 6 ). We choose this highly simplistic scenario to reflect DA signals in a behavioural task 321 in which the animal is rewarded for correct performance. However, here the specifics 329 We simulated all reward probabilities from 0% to 100% in 10% steps. For each reward 330 probability we ran 500 sequences, and calculated the mean receptor occupancy over time 331 (single realisations shown in Fig. 2a, b) . To investigate whether the receptor occupancy 332 distinguished between different reward probabilities we applied a simple classifier to the 333 receptor occupancy timeline. 334 The classifier was used to compare two different reward probabilities at a time. At each 335 time point it was applied to a pair of receptor occupancies, e.g. one belonging to a 50% and 336 one to a 30% reward probability sequence. The classifier assigned the current receptor 337 occupancy to the higher or lower reward probability depending on which one was closer 338 to the mean (over 500 sequences) receptor occupancy of that reward probability. As we 339 knew the underlying reward probability of each sequence we were able to calculate the 340 true and false positive rates and accuracy for each time point in our set of 500 sequences 341 for both the D1R and D2R (Supp. Fig. 6) . The accuracy was calculated based on all time 342 points between 200 and 800s within a sequence to avoid the effect of the initial "swing-in" 343 and post-sequence DA levels returning to baseline. signals (a, b) , burst-only DA signals (c, d), and the behavioural sequence (e, f) (i.e. same simulation scenarios as in Fig. 1e and Supp. Fig. 5 ). D1Rs and D2Rs reacted very similarly to each other in all [DA] signal scenarios even if their kinetics were up to 100x faster because the difference between the aggregate D1 and D2 binding rates (Eq. 5) only differs by a factor of 1.5. Furthermore, the D2Rs do not show visible saturation effects even for = 100. Faster kinetics mostly affected the amplitude of the receptor response and the time it takes to return to baseline receptor occupancy. However, only for = 100 the pauses dropped slightly below baseline receptor occupancy (a, b). On a longer time scale with repetitive DA bursts (e, f) D1Rs and D2Rs integrated the DA bursts over time for = 1 and = 2. This is because the half-time of the receptors were 80 s (for = 1), while the DA burst signal was repeated every 15 s. Thereby, [D1-DA] and [D2-DA] were dominated by the repetition of the signal rather than by the impact of individual DA burst signals. In contrast, for = 10 the change in receptor occupancy was dominated by the single pulses, since the half-life time was 8s, whereby the receptors mostly unbind in between DA pulses. ] marks burst-only DA pulses with varying peak amplitudes (50, 100, 150, 200, 250, 300, 350, 400, 500, 600, 700, 800, 900, 1000 nM) , indicates ramping DA signals with with varying rise times (0.2, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 s) and
indicates burst-only DA pulses with varying (1.0, 1.5, 2.0, 2.5, 3.0, 2.5, 4.0 in −1 ). This indicates that D1Rs and D2Rs act as slow integrators of the DA signal and explains why ramps are an effective signal to occupy DA receptors. Fig. 7 . Impact of slow kinetics on D1R and D2R binding with 10% of D1R in a high affinity state ( 1 ℎ ℎ ) and 10% of D2 receptors in a low affinity state ( 2 ) (Richfield et al., 1989) .
The 1 ℎ ℎ state was modelled by increasing the on-rate of the D1R but keeping its off-rate constant, creating a receptor identical to the 2 ℎ ℎ receptor. We choose this model since the high affinity state kinetics of the D1R are currently unknown, and a faster on-rate could potentially have the strongest effect on our conclusions. Correspondingly, we modelled the 2 receptor as a D2R with slower on-rate, which was largely equivalent to simply reducing [ 2 ] since the 2 receptors were predominantly unoccupied during baseline DA and bound only sluggishly to DA during phasic signals. The main effect of incorporating the different receptor affinity states was a change in the respective equilibrium values of absolute concentration of receptors bound to DA. (a)
The receptor occupancy at baseline [ ] = 20 was dominated by the high affinity states for both receptors, even though only 10% of the D1R were in the high state. As in our default model also D1 receptors were occupied at baseline, enabling them to detect tonic DA signals. The main difference to the default model is the higher occupancy of the D1R, caused by the 1 ℎ ℎ component. There is not a two-component unbinding since the 1 ℎ ℎ and 1 have similar off-rates, but differing on-rates. Overall, also for receptors with two affinity states, DA ramps are very effective in occupying the receptors.
